Abstract: In this paper, we numerically simulate speech production on the basis of vocal fold (VF) models with geometrical (effective VF vibrational depth, glottal half gap and VF thickness) or mechanical (Young's modulus, density and viscosity) asymmetries as a pathological VF model, and consider the effects of the asymmetries on the speech production process. The simulation shows asymmetric vibrations with a phase difference between the left and right VFs and fluctuations in the pressure wave within the larynx. To investigate the relationship between the fluctuations and VF asymmetry, we quantitatively estimate the fundamental frequency, amplitude and waveform fluctuations in the pressure wave by varying the asymmetry. For most cases, increasing the VF asymmetry increases the fluctuations. The fluctuations obtained from the simulation for symmetric models are in rough agreement with those of actual speech signals. However, with increasing asymmetry, the fluctuations exceed the range for actual speech data. This result suggests that the degree of VF asymmetry can be evaluated by estimating fluctuations in speech waves.
INTRODUCTION
Better understanding of the mechanism of the complex speech production process is of interest from a biomechanical standpoint and is of importance in the field of medical engineering. Recently, improvements in flow measurement technology such as laser Doppler velocimetry and particle image velocimetry allow us to study the speech production process by non contact visualization and the measurement of glottal flows within a rigid model of the larynx [1] [2] [3] . The measurements demonstrate that spatially and temporally complicated flows are generated with several vortices.
To understand the dynamics of the speech production process, the analysis of the interaction between the complicated flow and the self-sustained vocal fold (VF) vibration is necessary. Zhao et al. [4] investigated the motion of fluid ejected from a forced vibrating glottis by a direct numerical simulation, and analyzed the generation of voiced sound by a comparison with aeroacoustic theory. Unfortunately, they did not consider self-sustained VF vibrations. Ikeda et al. [5] proposed a distributed VF mechanical-element model. However, this model is not suitable for describing complicated phenomena in the larynx, since the actual flow in the larynx is assumed not to be a one-dimensional flow.
Previously, we proposed a numerical glottal source model for the vibrating VFs including a coupling effect of the complicated glottal flow and the self-sustained VF vibration as an application of Zhao et al.'s direct numerical simulation and Ikeda et al.'s distributed mechanical-element model for the vibrating VFs [6] . Numerical simulations on the basis of the proposed model showed the generation of unsteady pulse like complicated glottal flows. Additionally, pressure waves within the larynx indicated that the fundamental frequency, amplitude and waveform fluctuations increased with increasing lung pressure [7] .
The majority of the above works have dealt with nonpathological voice production. An analysis of pathological voice production may contribute to the development of medical examination techniques for diagnosing voice disorders and for voice rehabilitation. The vibrations of pathological VFs such as those with polyps, which have different properties in the left and right VFs, are expected to exhibit different behavior from those of non-pathological VFs, which vibrate synchronously and symmetrically. Ishizaka and Isshiki [8] , Tanabe et al. [9] , Isshiki et al. [10] , Aomatsu et al. [11] and Hirano et al. [12] studied pathological VF vibrations by observing canine VFs and performing numerical simulations of asymmetric VF models. Such observations and simulations revealed that the left and right VFs vibrate asymmetrically with some phase differences. However, little attention has been paid to the effects of the VF asymmetries on fluctuations in speech waves.
In this paper, we numerically simulate speech production on the basis of a pathological VF model as an application of our proposed glottal source model, and discuss the fluctuations in pressure waves within the larynx. First, we introduce VF models with asymmetries of geometrical or mechanical parameters. Then, speech production is numerically simulated using the asymmetric VF model, and fluctuations in pressure waves are estimated. Finally, we compare the fluctuations of simulated speech signals and actual speech signals.
ANALYTICAL MODEL

Larynx and Vocal Tract Models
A two-dimensional larynx model in the coronal (z-x) plane is shown in Fig. 1(a) . The vocal tract attached to the larynx is approximated by a rigid duct with uniform width due to a difficulty of the description of the boundary condition of the lips mentioned later. The initial shapes of the larynx and vocal tract are formulated by the functions w L ðzÞ and w R ðzÞ, which correspond to the distances from the midline of the larynx (the z axis) to the left and right boundaries, respectively. The size parameters of the larynx are shown in Table 1 . The shapes have been described in detail elsewhere [13, 14] .
Glottal Flow Model
Glottal flow is assumed to be generated in an unsteady two-dimensional compressible viscous fluid, and is analyzed on the basis of the boundary fitted coordinates along the surfaces of the larynx. To consider a moving boundary problem arising as a result of VF vibrations, we employ a finite difference scheme based on the arbitrary LagrangianEulerian method [15] .
Vibrating VF Model
Our vibrating VF model is based on the distributed mechanical element-model proposed by Ikeda et al. [5] and is shown in Fig. 1(b) . The VF can be divided into two tissue layers with different mechanical properties: a cover layer and a body layer. The cover layer is assumed to be an elastic cover with the effective mass of a VF. To take the mechanical properties of the VF into account, the elastic cover is supported by an array of about 100 mechanical elements having nonlinear springs and dampers [6] . The vibration of the VF, which is restricted to the lateral x direction, is governed by an equation of motion involving the fluid force, the restoring force of the spring, the viscous drag force of the damper and the shear force of the elastic cover [6] .
The geometrical properties of the VF are characterized by the thickness (T VF ) of the VF, the effective VF vibrational depth (D VF ) and the distance (G VF =2) from the midline of the symmetrical larynx to the VF surface. The mechanical properties of the VF are characterized by the Young's modulus (E VF ) of the spring element and elastic cover, the volume density ( VF ) of the elastic cover and the viscosity ( VF ) of the damper element. These parameters, with the subscript 0 under normal conditions, are shown in Tables 2 and 3 .
Realization of VF Asymmetry
We consider the effects of geometrical (effective vibrational depth, glottal half gap and thickness) and mechanical (Young's modulus, density and viscosity) asymmetries of VFs on speech production. 
The subscripts L-VF and R-VF denote the parameters of the left and right VFs, respectively. In the present study, while keeping the parameters of the right VF at their normal values shown in Tables 2 and 3 , we change the parameters of the left VF.
Computational Method
Speech production is simulated on the basis of a moving boundary problem by solving the flow equations and motion equation of the VF vibration alternately.
For the initial conditions, we assume that the air in the entire fluid space is uniform and at rest, and that the VFs have neither strain nor tension. Lung pressure P L0 ¼ 800 Pa, which corresponds to the value during ordinary conversation, is applied to the inflow boundary À 1 in Fig. 1(a) . A non reflecting characteristic boundary condition [16] is imposed at the outflow boundary À 2 to minimize acoustic reflection. The effects of the acoustic mode excited in the vocal tract, i.e., formants, are not considered herein.
To determine the instantaneous larynx shape, the vibrations of the VF mechanical elements are computed by the fourth-order Runge-Kutta-Gill method. The obtained displacements and velocities of the VFs are applied to the boundaries À 3 and À 4 . Additionally, we update the larynx shape and differential grids in the fluid domain at every time step. The details of the computational method have already been presented in a previous paper [6] . Figure 2 shows an example of simulation results for the symmetric VF model. The VF vibrations g L ðtÞ and g R ðtÞ denote the distances from the midline of the larynx (the z Figure 3 shows some examples of simulation results for the asymmetric VF models. Asymmetric parameters except for those indicated are fixed at unity. In Fig. 3(a) , for example, D ¼ 2, while the other parameters are
EFFECT OF VF ASYMMETRY ON FLUCTUATIONS
Simulation of Speech Production
Asymmetric vibrations with phase differences between the left and right VFs are observed. Interestingly, the pressure waves indicate fluctuations of the fundamental frequency f 0 , the amplitude (peak-to-peak) P p{p and the waveform, caused by the unsteady vortex motion within the larynx [14] .
Measures of Fluctuation
To quantitatively evaluate the relationship between the fluctuations and VF asymmetries, we estimate the following three measures of fluctuation [7, 17] . . The harmonic-to-noise ratio (HNR) [18] : a measure of waveform fluctuation. The CVs of f 0 and P p{p are defined as the ratios of the standard deviation to the average value m of the f 0 and P p{p sequences, respectively, that is, CV ¼ =m. These sequences are extracted at each pitch period from a pressure wave pðtÞ as follows (see Fig. 4 ): (1) Extract the fundamental wave from the pressure wave by the fundamental wave filtering method [19] . Fig. 3 Examples of sound generation based on asymmetric VF models. The description of curves is the same as in Fig. 2 .
Pressure wave p(t)
Fundamental wave
Zero crossing … … Fig. 4 Segmentation into pitch periods by detecting zero crossings of the fundamental wave [19] .
of the cycle-to-cycle similarity of a waveform, and is sensitive to waveform aperiodicity [18] . The energies of the periodic and aperiodic components H and N are determined as follows [17] : An original pressure wave pðtÞ can be considered as the concatenation of waves p i ðÞ from each pitch period, where ranges over the duration of pitch periods, i ¼ 1; 2; Á Á Á ; M is a sample number, and M is the number of samples (see Fig. 4 ). Examples of the extracted p i ðÞ are shown in Fig. 5(a) by thin gray lines.
The average wave p A ðÞ is defined as
and an example is shown in Fig. 5(a) by the thick black line. In the calculation of p A ðÞ, the durations of pitch periods differer across the pitch periods. In order to make each pitch period equal in duration, the longest pitch duration T max is determined, and p i ðÞ for shorter pitch duration is padded with zeros, that is, p i ðÞ ¼ 0 for T i < T max , where T i is the ith pitch period duration. The energy of the periodic component H, which corresponds to the energy of the average wave, is defined as
The noise wave in the ith pitch period is equal to p i ðÞ À p A ðÞ (see Fig. 5(b) ). The energy of the aperiodic component N is given by
Then, HNR is evaluated as 10 logðH=NÞ (dB). Figures 6 and 7 show the relationships between the geometrical and mechanical asymmetries and the measures of fluctuation in pressure waves at different distances from the glottis, respectively. All the asymmetric parameters except for those indicated on the horizontal axes are fixed at unity. The results show that the fluctuations increase with increasing the VF asymmetries. Trends in the HNR with changes in the distance and asymmetric parameters were clearly observed, although the CVs of f 0 and P p{p showed no clear trends. For most cases, the variation of amplitude fluctuation (CV of P p{p ) at the glottis z ¼ 0 mm with the asymmetric parameters exhibits a different profile from those at z ¼ 20 and 160 mm.
Effect of Asymmetries on Fluctuations
For a reference, the gray zones denote the distributions of the measures of fluctuation of actual speech signals for the five Japanese vowels uttered at an ordinary conversation level. Strictly speaking, it is necessary to compare the actual vowels with simulated vowels based on vocal tract shapes which characterize the natures of vowels. However, the averaging of the real speech signal of the five Japanese vowels would indicate reasonable data for the comparison with the simulated vowel data. The signals of three adult males, whose voices were not auditory perceived as hoarseness, were recorded near the mouth in an anechoic room. We estimated the measures of fluctuation for the data with an almost constant amplitude over a duration of 1 or 2 s. The CV of f 0 and HNR obtained from the simulation at z ¼ 160 mm for the symmetrical condition (
are in the range of the distribution of the actual signals, although the fluctuations obtained from the simulations exceed the range of the actual signals with increasing asymmetry, for example, < 0:5 or > 1:75 in the HNR characteristics.
Discussion
The numerical experiment on the relationship between the VF asymmetries and the fluctuations in pressure wave have shown that the fluctuations increase with increasing the VF asymmetries. In particular, the effective vibrational depth asymmetry D and the density asymmetry remarkably affect the fundamental frequency fluctuation (CV of f 0 ) and the waveform fluctuation (HNR). In addition, the fluctuations of the simulated pressure waves for the symmetrical condition are in rough agreement with those of the actual speech signals. However, with increasing asymmetry, the fluctuations exceed the range for the actual signals. This suggests that the degree of VF asymmetry can be evaluated by estimating fluctuations in speech waves. In reality, the HNR estimated from speech waves is used as an index of the degree of hoarseness [18] . The different profiles of the amplitude fluctuation at the glottis and downstream of the glottis can be explained on the basis of the dependence of the main contribution to the local pressure wave. We show the relationship between the Young's modulus asymmetry E and average pressure amplitude hP p{p i in Fig. 8 , where error bars denote the standard deviations. Increasing the asymmetry, i.e., as E moves away from unity, decreases the amplitude for z > 0 mm, although it increases slightly at z ¼ 0 mm.
The main contribution to the pressure wave in the supraglottal region (z > 0 mm) is the quasi-periodically varying glottal volume flow ejected from the vibrating glottis. Figure 9 shows the minimum glottal gap width within the glottis in (a) and the glottal volume flow in (b), which is calculated by assuming the VF length to be 14 mm in the two-dimensional model, for the symmetric and asymmetric ( E ¼ 2) VF models. The peak value of the glottal gap for the asymmetric model is smaller than that for the symmetric model due to the phase difference between the left and right VF vibrations, as shown in Fig. 3 , thereby the amplitude of the glottal volume flow decreases. Therefore, with increasing asymmetry, the pressure wave amplitude decreases for z > 0 mm. On the other hand, the pressure wave at the glottis (z ¼ 0 mm), particularly when the pressure is negative, is caused by the Bernoulli pressure. The decrease in the glottal gap width increases the glottal flow velocity, thus increasing the Bernoulli pressure, which corresponds to the variation of negative pressure. Therefore, by increasing the asymmetry, the pressure amplitude at z ¼ 0 mm increases. Amplitude trends for other asymmetric parameters are the same as that for the Young's modulus asymmetry.
The VFs vibrations of the present simulations showed almost simple harmonic motions as shown in Figs. 3(a1) , (b1), and (c1). On the other hand, in actual pathological voices, irregular and dicrotic or tricrotic vibratory patterns and lateral f 0 differences are observed. Ishizaka and Isshiki simulated these types of vibratory patterns in a two-mass model with asymmetry of VF tension [8] . However, since the present simulations did not show such irregular patterns, we note that the simulation based on the present asymmetric condition are restricted on simple VF vibrations. A discussion about simulations of irregular vibratory pattern will be the subject of future study.
In addition, Ishizaka and Isshiki have noted that the complicated VF vibratory pattern depend not only the VF asymmetry but also on the reset position of the VF, the lung pressure, and the physical parameters of the VF. Therefore, we simulated the speech production based on the present VF model having the rest position G L{VF ¼ G R{VF ¼ 2G VF0 and the Yong's modulus asymmetry E ¼ 0:2. Figure 10 shows the dicrotic vibratory pattern and the lateral f 0 difference. More detailed works on the complex vibratory patterns and the fluctuations for actual and simulated speech signals are necessary to apply estimations of fluctuations in speech waves to support techniques for diagnosing pathological voice disorder.
CONCLUSION
In this paper, we numerically simulated speech production on the basis of the geometrical and mechanical asymmetric VF models of a pathological VF, and considered fluctuations in the pressure wave within the larynx.
The simulation demonstrated that the left and right VFs vibrate asymmetrically with some phase differences. In addition, fundamental frequency, amplitude and waveform fluctuations were observed in the pressure wave. We quantitatively estimated the fluctuations in the pressure wave and compared them with the fluctuations of actual speech signals. For most cases, increasing VF asymmetry increases the fluctuations. Additionally, with increasing asymmetry, the fluctuations of the simulation exceeded the range for the speech signals, although those for the symmetric condition were in rough agreement with those for the speech signal. This result suggests that the degree of VF asymmetry can be evaluated by estimating fluctuations in speech waves. The causes of fluctuations in speech waves are not only geometrical and mechanical asymmetries, but also neurological and aerodynamic phenomena [20] . More detailed works on the complex vibratory patterns and the fluctuations for actual and simulated speech signals are necessary to apply estimations of fluctuations in speech waves to support techniques for diagnosing pathological voice disorder. In addition, a real larynx has a complex threedimensional shape. The main simplification of the present study is to consider the flow to be a two-dimensional configuration. This precludes the vortex stretching mechanism, that causes the energy cascade from lager to smaller scale vortices [21] . Effects of the three-dimensional configuration on the fluctuations will be the subject of further study.
